Clusterin, ubiquitously distributed in mammalians, was cloned and identified as the most potently induced gene during rat prostate involution following androgen deprivation. Also found to be involved in many other patho-physiological processes, its biological significance is still controversial, particularly with regard to apoptosis. We previously showed that transient over-expression of clusterin blocked cell cycle progression of simian-virus-40-immortalized human prostate epithelial cell lines PNT1A and PNT2. We show in the present study that the accumulation of an intracellular 45 kDa clusterin isoform was an early event closely associated with death of PNT1A cells caused by cell detachment followed by apoptosis induction (anoikis). Cell morphological changes, decreased proliferation rate and cell cycle arrest at G 0 /G 1 -S-phase checkpoint were all strictly associated with the production and early translocation to the nucleus of a 45 kDa clusterin isoform. Later, nuclear clusterin was found accumulated in detached cells and apoptotic bodies. These results suggest that a 45 kDa isoform of clusterin, when targeted to the nucleus, can decrease cell proliferation and promotes cell-detachment-induced apoptosis, suggesting a possible major role for clusterin as an antiproliferative gene in human prostate epithelial cells.
INTRODUCTION
Clusterin is a glycoprotein widely distributed in mammalian tissues and biological fluids [1] that is encoded by a single copy gene located on chromosome 8 in humans [2, 3] . It was previously cloned and identified by different research groups working in widely divergent areas, because of its involvement in many biological processes [1, 4, 5] . The secreted heterodimeric form of clusterin is targeted to the endoplasmic reticulum as an initial precursor peptide of 65-70 kDa [6] , which, after disposal of a 22 amino acid leader peptide, is then glycosylated and cleaved into one α-and one β-chain of about 40 kDa each, held together by a unique five disulphide bond motif [6] . It has been suggested that this secreted form of clusterin may act as an extracellular molecular chaperone [7] , scavenging extracellular misfolded proteins that can be produced following stress-induced injury, such as heat shock [8] . Thus a role for extracellular clusterin in the clearance of cellular debris and phagocytosis promotion was suggested [9] . Beside its secreted mature form, the existence of a truncated isoform of the protein has been reported. This truncated protein was suggested to be targeted to the nucleus, acting as a pro-death signal by inhibiting cell growth and survival [10] [11] [12] . Other alternative clusterin isoforms, produced by exon skip induced by cell damage [13] or post-translational modifications activated by apoptosis-induced stimulation of a normally underutilized synthetic pathway, have also been described [14] . The fact that clusterin was found involved in a plethora of patho-physiological processes, including cell adhesion and cell-cell interactions [1] or cancer, proliferation and aging [15] [16] [17] [18] , makes Abbreviations used: DAPI, 4,6-diamidino-2-phenylindole; DEVD-pNA, Asp-Glu-Val-Asp-p-nitroanilide; FAK, focal adhesion kinase; FBS, foetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; KSFM, keratinocyte serum-free complete medium; p-FAK-Tyr 397 , phosphorylated FAK; PAR, poly(ADP-ribose); PARP, PAR polymerase; pNA, p-nitroanilide; SV40, simian virus 40; TTBS, Tris-buffered saline/Tween. 1 To whom correspondence should be addressed (email saverio.bettuzzi@unipr.it).
this topic very intriguing. It is well known that clusterin gene expression is potently induced during rat prostate involution. This was demonstrated following surgical castration [5] , chemical androgen ablation [19] and non-hypercalcaemic calcitriol-analogue treatment [20] . Its expression level also depends on the proliferation state, since it was found up-regulated in human fibroblasts when synchronized in the quiescence state [16] and downregulated after induction of cell proliferation [16] . A causative role for this protein in regulating cell growth of prostate epithelial cells was recently suggested, after the finding that clusterin was shown to block cell cycle progression of simian virus (SV)40-immortalized human prostate epithelial cell lines PNT2 and PNT1A [21] . Nevertheless, the precise physiological role of clusterin has not been established yet. Some authors have proposed an anti-apoptotic role for clusterin [9, 22, 23] , but others have found evidences in favour of pro-apoptotic functions [11, 24, 25] . More results are needed for the definition of this topic. Survival of most normal epithelial cells requires adhesion to basement membrane, a special kind of extracellular matrix. Loss of cell-extracellular matrix contacts results in death of such cells by apoptosis, a phenomenon known as anoikis [26] [27] [28] . Anoikis, first documented in both epithelial and endothelial cells [26, 27] , and recently also in prostate cancer cells [29] , is defined as an apoptotic process that is induced by inappropriate cell-matrix interactions [28] . Besides loss of adhesion, cell rounding and shrinkage, anoikis shares the same morphologic features and cell signal transduction pathways of apoptosis, including activation of genes such as caspases as effectors (e.g. caspase-3) [27, 28] , cytoplasm and chromatin condensation and nuclear fragmentation [30] , finally leading to cell fragmentation into membrane-bound apoptotic bodies that are ingested by neighbouring phagocytic cells [31] . It has been suggested that a possible cause of anoikis might be the changes occurring in cell shape by alteration of cytoskeleton [32] , leading to cell detachment and caspase-dependent cleavage of proteins assembled in focal adhesion complexes, involving FAK (focal adhesion kinase) [33] . Despite the increasing interest in the study of anoikis, the basic mechanisms of this phenomenon are still poorly understood. However, insights concerning apoptotic death of prostate cancer cells have been described [34] . To this end, it must be stressed that clusterin was found as one of the few genes specifically suppressed by anchorage [35] .
It is known that apoptosis can be induced upon serum starvation in many cell types, including PNT1A cells. We observed that these cells, routinely grown in RPMI medium supplemented with FBS (foetal bovine serum) [36, 37] , showed decreased proliferation when grown in KSFM (keratinocyte serum-free complete medium) medium. KSFM medium is well known in the prostate field, because is routinely used for selection and maintenance of primary cultures of human prostate epithelial cells [38] . Conversely, PNT1A cells can be cultured in KSFM supplemented with FBS without any major adverse effect. Thus we studied clusterin expression in PNT1A cells grown in KSFM without FBS supplementation, an experimental model that can be considered an example of apoptosis induction by serum-free condition. This experimental approach was chosen in view of our interest in investigating the possible connection between clusterin and apoptosis. Thus we have studied the time-course of clusterin molecular changes in strict correlation to apoptosis induction to collect more experimental evidence for understanding the possible role of this gene in the apoptotic death of prostate epithelial cells.
EXPERIMENTAL

Cell lines and growth conditions
PNT1A cells were previously established [36, 37] and characterized [39] with respect to morphological features, cytokeratins expression profile and doubling time under standard growth conditions [36, 37] . PNT1A cell line was obtained by immortalization and cloning of normal human prostate epithelial cells stably transfected with SV40 large-T antigen. They maintain the expression of epithelial differentiation markers, such as cytokeratin 18 and 19, prostate specific antigen, prostatic acid phosphatase and androgen receptor, thus being androgen-dependent cells. Their proliferative response to growth factors has been studied previously [39] . Cells were cultured under standard conditions, with serum-fed medium RPMI 1640 supplemented with 10 % (v/v) FBS and 1 % (v/v) L-glutamine [36] , or with the medium that is used for growing normal human prostate epithelial cells in primary culture, such as KSFM supplemented with 5 ng/ml epidermal growth factor, 50 µg/ml bovine pituitary extract and 1 % (v/v) L-glutamine. In both cases, cells were cultured without antibiotics at 37
• C in a 95 % air/5 % CO 2 atmosphere. Cell harvesting was performed routinely by trypsin/EDTA treatment. Culture media were purchased from Gibco Laboratories (Grand Island, NY, U.S.A.).
Cell viability and cell growth assays
Cell growth was assessed by the Crystal Violet method [40] . Briefly, adhering cells were fixed, stained with Crystal Violet and then the dye was extracted and the D 540 was determined. After seeding cells in triplicate under the different experimental conditions studied, the culture medium was removed and cells fixed with 4 % (w/v) paraformaldehyde in PBS for 15 min and stained with 0.1 % (w/v) Crystal Violet (Sigma, St. Louis, MO, U.S.A.) in 10 % ethanol for 20 min at 22
• C. Cells were then rinsed four times. Crystal Violet accumulated by adherent cells was then extracted with 100 µl sodium citrate 0.1 M (pH 4.2)/ ethanol (2:1, v/v, final pH 5.2) and the D 540 was determined by spectrophotometry. Attenuances are expressed as the means + − S.D. from 3 independent experiments (see Figure 1A) . In parallel, cell viability was studied using the WST-1 {4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulphonate} reagent method (Roche, Lewes, East Sussex, U.K.) according to the manufacturer's protocol. Briefly, after seeding cells in triplicate in 96-well plates under RPMI or KSFM conditions for the indicated times, cells were incubated for 1 h at 37
• C in a 95 % air/5 % CO 2 atmosphere in the presence of 10 % (v/v) of the tetrazolium salt WST-1 {4- [3-(4- 
The number of viable cells were estimated on the basis of their ability to metabolize the tetrazolium salt WST-1 to formazan by mitochondrial dehydrogenases. Then 10 % (v/v) SDS was added to denature the cells and extract the formazan dye. Cell viability was also determined in parallel by counting the number of viable cells with the Trypan Blue dye exclusion test. Briefly, cells adhering to plates were quickly removed by trypsinization. Trypsin action was blocked by addition of medium, and cells were centrifuged at 250 g for 5 min. Cells were then recovered, suspended in RPMI medium with 0.1 % (v/v) Trypan Blue (Sigma) for 5 min and counted in a haemocytometer. Viable cells appear clear under the microscope, because of their capability to exclude Trypan Blue from the cytosol, while dead cells appear blue, because, having lost membrane integrity, they are unable to exclude the dye. Viability was determined as the percentage of viable (white) cells over the total number of cells (white + blue) at the indicated times. Three different fields containing at least 150 cells were randomly chosen for each experimental point from 3 independent experiments (results not shown). The cell viability data obtained by WST-1 and Trypan Blue dye exclusion test methods gave comparable results.
Northern blot hybridization analyses
Total RNA was extracted as previously reported [17] , and 10 µg aliquots were electrophoresed and blotted on to nylon membranes (Zeta-Probe GT genomic membrane, Bio-Rad, Milan, Italy). Northern hybridization was performed using human clusterin, histone H3 (specific marker of the S-phase of the cell cycle) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase, a housekeeping gene) full-length cDNAs probes as described previously [15, 17] .
Western blot analyses
Cell population was harvested in RIPA extraction buffer [50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 % (w/v) sodium deoxycholate, 1 % (v/v) Triton X-100, 0.1 % (w/v) SDS, protease and phosphatase inhibitors cocktail (Sigma)] at 4
• C for 15 min. Then cell extracts were cleared by centrifugation at 14 000 g for 20 min at 4
• C and the supernatant was saved for protein determination by the dye-fixation Bradford method (Sigma) using BSA as standard. The absorbance was measured at 595 nm. Then total protein extracts equivalent to 50 µg of protein/ lane were heated at 100
• C for 5 min in SDS/PAGE loading buffer (1:1, v/v) under reducing conditions, resolved by electrophoresis under reducing conditions using a 10 % or 12 % (w/v) polyacrylamide gels (depending on the molecular mass of the protein to be detected), and finally blotted on to the PVDF membranes (Millipore SpA, Milan, Italy). After the blocking of non-specific binding sites with 1 % (w/v) non-fat dried milk blocking solution in TTBS [Tris-buffered saline/Tween 20: 100 mM Tris/HCl, pH 7.6, and 0.9 % (w/v) NaCl, 0.05 % (v/v) Tween 20, (Roche Diagnostics, Milan, Italy)] for 1 h at 22
• C, Western blot analyses were performed on the membranes by the chemiluminescence method as described previously [21] . Clusterin immunoreactive bands were detected with the BM Chemiluminescence Blotting Substrate (POD) (Roche Diagnostics) using mouse monoclonal anti-(human clusterin) antibody (clone 41D) from Upstate Biotechnology (Lake Placid, NY, U.S.A.; dilution, 1:1000). Then horseradish peroxidase-conjugated anti-mouse secondary antibody (Sigma) was used at 1:5000. For better comparison of p-FAK-Tyr 397 (phosphorylated FAK) and FAK, both proteins were detected on the same blots. The membranes were stripped by incubation at 22
• C for 1 h in stripping solution (1 M glycine/ 1.5 M NaCl, pH 2.5, and 2.5 % SDS, w/v). Then the blots were washed six times for 10 min in TTBS, blocked again with non-fat dried milk blocking solution and re-probed with the appropriate antibody. Rabbit anti-(human p-FAK-Tyr 397 ) and anti-(human FAK) (both at 1:1000 dilution; Upstate Biotechnology) were used. Then horseradish peroxidase-conjugated anti-rabbit secondary antibody (Sigma) was added at 1:5000 dilution. For detection of PAR [poly(ADP-ribose)] attached to the proteins, the membranes were stripped as reported above and re-probed with mouse monoclonal anti-(human PAR) antibody (dilution 1:250; Oncogene Research Products, San Diego, CA, U.S.A.). Then horseradish peroxidase-conjugated anti-mouse secondary antibody was used at 1:5000 dilution. Finally, equal protein samples loading and transfer efficiency on the membranes were routinely monitored by Western blot analysis of cytokeratins expression on each membrane after stripping the blots and blocking non-specific sites. Mouse monoclonal anti-(human pancytokeratin) (dilution 1:100 000) antibody was used. In addition, 0.1 % (w/v) Red Ponceau S staining of the membranes was also performed. Pan-cytokeratin antibodies and Ponceau S were purchased from Sigma.
Preparation of subcellular extracts
Cells were lysed at 4
• C with 5 vols of buffer A [25 mM Tris/HCl, pH 7.4, 10 mM KCl, 0.15 % (w/v) β-hexyl glucopyranoside and protease inhibitor cocktail], and centrifuged at 8000 g for 10 min at 4
• C. The first supernatant was collected and stored at 4 • C, while the pellet was dissolved in two volumes of buffer A and centrifuged again at 8000 g for 10 min at 4
• C. Then, the second supernatant, containing the cytoplasm fraction, was collected. The two supernatants were then mixed gently together, added to 1 vol. of SDS/PAGE loading buffer, heated at 100
• C for 5 min, resolved by electrophoresis under reducing conditions on a 10 % (w/v) polyacrylamide gel and finally used for Western blot analysis (cytoplasm extract). The pellet was dissolved in 3 vols of buffer B [50 mM Tris/HCl, pH 7.4, 75 mM NaCl, 25 mM KCl, 5 mM MgCl 2 , 0.5 % (v/v) Triton X-100 and 0.25 % (w/v) sodium deoxycholate] and centrifuged at 13 000 g for 10 min at 4
• C. The third supernatant, containing the mitochondria and the nonnuclear membrane fractions, was collected, and stored at − 80
• C. The second pellet, containing the nuclear protein fraction, was recovered, added to 1 vol. of SDS/PAGE loading buffer, heated at 100
• C for 5 min and resolved by electrophoresis under reducing conditions on a 10 % (w/v) polyacrylamide gel before being used for Western blot analysis (nuclear extract).
Detection of apoptosis and apoptotic bodies
Apoptosis rate in cell cultures was assessed both by caspase-3 activity determination and morphological analysis. Caspase-3 assay was performed by spectrophotometric determination of chromophore pNA (p-nitroanilide) released in solution after specific cleavage of the labelled substrate DEVD-pNA (Asp-Glu-Val-AsppNA) by caspase-3. The CPP32/Caspase-3 Colorimetric Protease Assay kit (MBL, International Corporation, Watertown, MA, U.S.A.), was used according to the manufacturer's instructions. Under standard growth conditions, KSFM treatment or etoposide administration, adherent plus floating cells (that detached from plates) were collected together, added to lysis buffer [10 mM Tris/ HCl, pH 7.5, 10 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.5, 130 mM NaCl and 1 % (v/v) Triton X-100], and left on ice for 10 min. The supernatant was then recovered by centrifugation at 12 000 g for 2 min at 4
• C. The equivalent of 50 µg of protein of the supernatant (cytosolic extract) was added to 50 µl of reaction buffer (1.4 M NaCl, 27 mM KCl, 100 mM KH 2 PO 4 /K 2 HPO 4 , pH 7.5 and 10 mM dithiothreitol) containing 200 µM (final concentration) of the fluorogenic substrate DEVD-pNA and then incubated at 37
• C for 2 h. Finally, the caspase-3 activity of the supernatant solution was measured at an A 405 by means of a scanning microplate reader (ELISA reader, MRX II, Dinex Technology).
Morphological analysis of apoptotic bodies was performed as follows: controls and treated adherent cells were fixed with 4 % (w/v) paraformaldehyde in PBS for 15 min and washed twice with PBS. Then cell nuclei were stained with 5 µg/ml DAPI (4,6-diamidino-2-phenylindole) or 0.5 % (v/v) Giemsa (both purchased from Sigma) for 10 min at 22
• C and mounted on to slides with 70 % (v/v) glycerol in PBS to visualize nuclear fragmentation and apoptotic bodies. Both methods allow the detection of chromatin condensation, nucleus and DNA fragmentation, all well-known indicators of apoptotic cell death. Nuclear morphology was analysed with a fluorescence microscope (Axio Vert 200, Carl Zeiss, Gottingen, Germany) and digital images were acquired with a colour digital camera (Axio Cam MR, Carl Zeiss) directly through the microscope. For comparison, DAPI nuclear staining was measured in parallel in both adherent and floating control or KSFM-treated cells by adding the fluorescent dye directly to the cell culture medium for 10 min at 37
• C. For quantification of apoptosis, positively stained cells were scored as normal or apoptotic on the basis of cellular morphology. Cells exhibiting membrane, cytoplasmic and nuclear condensation were scored as apoptotic cells. Three randomly chosen fields for each experimental condition containing at least 150 cells from 3 independent experiments were used, and data were calculated as the percentage of apoptotic figures over the total number of cells at the indicated times, and expressed as the means + − S.D., in comparison with time-matched standard RPMI controls.
Detection of DNA fragmentation and cell cycle progression analysis
Cell cycle progression was studied with the monoparametric FACS analysis method by means of propidium iodide staining for total DNA content as previously described [21] . Briefly, both floating and adherent cells were harvested and pooled together or recovered separately, according to the experimental protocol, and fixed in 70 % ethanol at − 20
• C overnight. After washing cells twice with 1 mM PBS/EDTA, cells were recovered in PBS/EDTA containing 20 µg/ml RNase A at 37
• C for 1 h. Then, after one wash in PBS, cells were stained for DNA content for 30 min at 4
• C in the dark with 0.5 µg/ml propidium iodide. Finally, cell cycle progression was analysed with FACScan, Beckman coulter Epics ® XL cytofluorimeter. During FACS analysis, gating was carefully performed in order to exclude clumped cells and subdiploid cell debris, and the relative percentage of cells in the different phases of the cell cycle was assessed as previously described [21] .
PARP (PAR polymerase) and caspase activation
For Western blot analyses, total protein extracts (equivalent to 50 µg of protein/lane) were heated at 100
• C for 5 min in SDS/ PAGE loading buffer (1:1, v/v) under reducing conditions and separated by electrophoresis under reducing conditions on 12 % (w/v) polyacrylamide gels. Then proteins were transferred to PVDF membranes as described above. PARP activation was determined using a mouse monoclonal anti-(human PARP) antibody (dilution, 1:1000) from Santa Cruz Biotechnology, (Santa Cruz, CA, U.S.A.). Caspases activation was studied by Western blot analysis as described above using polyclonal antibodies against human caspase-3, -8 and -9 (Santa Cruz Biotechnology) used at 1:1000 dilution. Four identical membranes loaded with the same samples for each experiment were produced and analysed for simultaneous determination of PARP, caspase-3, -8 and -9 in the same samples. Then each membrane was stripped three times and re-probed serially with all three different antibodies for better confirmation of the results.
Immunocytochemistry analysis
Controls, KSFM-or etoposide-treated cells (etoposide was from Sigma) were fixed with methanol/acetone (2:1) solution at 4
• C for 10 min, rinsed twice with PBS at 22
• C for 2 min, then rehydrated with PBS plus 1 % (w/v) BSA for 10 min at 22
• C. Then cells were challenged with blocking solution [20 µl of normal goat serum in 5 ml of PBS plus 1 % (w/v) BSA] for 20 min and subjected to immunocytochemistry as described previously [21] using mouse monoclonal anti-(human clusterin) antibody (dilution, 1:50), clone 41D from Upstate Biotechnology. For detection of clusterin, secondary anti-mouse Alexa Fluor TM 568 red fluorescence (dilution 1:200) antibody from Molecular Probes (Leiden, The Netherlands) was used. Fluorescence microscopy analysis was performed with a fluorescence microscope, and digital images were acquired with a colour digital camera directly through the microscope as described above. Three independent immunocytochemistry experiments were performed for each experimental condition and three different fields were randomly chosen for data analysis.
Statistical analysis
Results are expressed as the means + − S.D. for the indicated number of independent determinations. The statistical significance was calculated by the Student's t test, and P values are indicated in the Figure legends and text.
RESULTS
Induction of anoikis in PNT1A cells upon KSFM incubation
Upon culturing in 10 % serum-fed standard condition (RPMI), PNT1A cells growth was normal ( Figure 1A ) and cells showed a typical cobblestone morphology when confluence was reached at 8 days, as shown by Giemsa and DAPI nuclear staining ( Figures 1D and 1H respectively) . In contrast, under serum-free conditions (KSFM), PNT1A cell morphology changed and cell growth was significantly decreased at 6 and 8 days of culture ( Figure 1A; * P < 0.05 and * * P < 0.01 respectively, versus timematched standard RPMI controls). Under these conditions, cell viability decreased ( Figure 1B; * P < 0.05 at 6 days and * * P < 0.01 at 8 days, versus time-matched RPMI controls) as assessed by WST-1 cell viability assay. A progressive detachment of cells from wells (anoikis) and an increase in cell death was observed ( Figure 1O ; * * P < 0.01 at 8 days versus time-matched standard RPMI control) on the basis of cell morphology (membrane and nuclear condensation, see the Experimental section for details).
Serum-free growth condition induced, first of all, rounding up and retraction of PNT1A cells, resulting in elongated rod shape ( Figure 1E ). Then, long-time KSFM exposure ( Figure 1F ) caused detachment of cells as single, individual elements ( Figure 1F and 1L). Cell detachment, chromatin condensation and formation of apoptotic bodies, all indicators of anoikis induction [29] , were also evident at this stage ( Figure 1F and 1L, arrowheads). As seen in Figure 1 , this phenomenon appears to be a slow process, in which cell death is high about 6 days after pro-apoptotic stimulation, as shown by apoptotic figures counting by DAPI nuclear staining ( Figure 1O ). Conversely, 8-day incubation in KSFM supplemented with FBS was effective at inhibiting PNT1A cells detachment. Under these conditions, cells reached a level of confluence very similar to that showed under standard culturing conditions ( Figures 1M and 1N ).
Cell detachment induces activation of caspases
When cells were grown in KSFM medium, an evident increase in caspase-3, -8 and -9 activation and PARP cleavage was detected after 8 days of culture ( Figure 2A ) by means of Western blot analysis. Caspase-3 activity was also determined in parallel, and the result obtained confirmed a significant increase in caspase-3 activity ( Figure 2B ) at 8 days of KSFM incubation ( * * P < 0.01 versus time-matched standard RPMI control). A significant increase of caspase-3 activity was also determined after 8-day RPMI incubation, probably due to over-confluency of cells (#P < 0.05 versus 2-day standard RPMI control). Thus, specific cleavage of pro-caspase 3 (32 kDa) into the active caspase-3 fragments (17-10 kDa) and the cleavage of PARP (85 kDa) demonstrated that caspase-3-dependent apoptotic pathway was associated with cell detachment in PNT1A cells as a late event, significantly detectable only after 8 days of culture.
Accumulation of an intracellular 45 kDa clusterin isoform is associated with anoikis induction
On day 2 of culturing in RPMI, PNT1A cells synthesize clusterin as an intracellular precursor of about 65 kDa, which is apparently processed and converted into low-molecular-mass isoforms that are normally found in cell culture supernatants [41] . The production of these low-molecular-mass isoforms is generally dependent on cell density, and is usually higher when PNT1A cells reach confluency and proliferation rate is reduced. These protein products can also be found in the cell extracts and are usually secreted, under reducing conditions, as a triplet of bands showing, in our hands, an apparent size ranging from 40 to 45 kDa. Concomitantly, the secreted extracellular form of clusterin accumulates in the media ( Figure 3A , cell extracts and cell culture media, RPMI). On the contrary, the same cells grown for up to 8 days in KSFM showed a significant decrease of the intracellular clusterin precursor, which was progressively converted into a 45 kDa intracellular isoform that was clearly less efficiently Significant differences between serum-free and serum-fed conditions were: *P < 0.05 and **P < 0.01. (B) Cell viability assay of PNT1A cells under standard serum-fed (᭺) or serum-free (᭝) conditions. At the indicated times, viability was assessed using the WST-1 cell viability assay as described in the Experimental section. Values are expressed as the means + − S.D. from 3 independent experiments. Significant differences between serum-free and serum-fed conditions were: *P < 0.05 and **P < 0.01. (C-N) After incubation in standard RPMI (serum-fed), KFSM (serum-free) or KSFM + FBS conditions, cells were fixed and stained with Giemsa (C-F and M) or DAPI (Hoechst 33 342) (G-L and N) for nuclear staining, as described in the Experimental section. Note that (C-F) and (M), compared with (G-L) and (N), show different fields, because Giemsa and DAPI staining cannot be performed in the same cell preparation. Cell rounding up starts at day 2 (E and I), well before the beginning of cell detachment. Detachment and accumulation of apoptotic bodies became evident at day 8 (F and L respectively, arrowheads). secreted in the culture media ( Figure 3A , cell extracts and cell culture media, KSFM). PARP is catalytically activated by DNA ends or single-strand breaks and plays an auxiliary role in DNA repair processes and apoptosis [42] . This enzyme catalyses the poly(ADP-ribosyl)ation of various nuclear proteins using NAD + as substrate during the early reversible stages of apoptosis [43, 44] . Thus we studied PARP activation by proteolytic cleavage (Figure 3A , PARP) 1 and 2 respectively) . Equal amounts (50 µg) of total protein cell extracts were loaded on to gels and resolved by SDS/PAGE, as described in the Experimental section. Western blot analysis of cytokeratins expression is provided to show equal loading of the samples. The picture shown is representative of 3 experiments performed independently, which gave the same results. (B) Caspase-3 activity in PNT1A cells grown under standard serum-fed (RPMI) or serum-free (KSFM) conditions. After seeding PNT1A cells with RPMI medium for 24 h, cells were then switched to KSFM medium and harvested at day 2 (bar 3) or day 8 (bar 4) culturing in comparison with time-matched controls kept in RPMI (bars 1 and 2). Then, caspase-3 activity was assessed by measuring fluorescence intensity of pNA, the proteolytic fragment of DEVD-pNA as described in the Experimental section. Values are expressed as the means + − S.D. from 3 independent experiments. Significant differences between KSFM and time-matched RPMI controls, or day 8 RPMI and day 2 RPMI, were: *P < 0.05 and **P < 0.01, or #P < 0.05. Note that caspase-3, -8 and -9 and PARP are cleaved at 8 days of culturing under serum-free (KSFM) conditions (A) in association with the highest levels of caspase-3 activity (B).
and PARP activity, using antibodies directed against poly(ADPribosyl)ated nuclear proteins ( Figure 3A , PAR), both by Western blot analysis. In fact, during apoptotic cell death, early and transient induction of PARP activity causes PAR accumulation in early apoptotic cells [42] by transferring ADP-ribose moieties to nuclear acceptor proteins and to the enzyme itself [44] . For this reason, the detection of PAR is considered an early marker of apoptosis. In fact, poly(ADP-ribosyl)ation of nuclear proteins was detectable as early as 2 days after starting serum-free growth condition ( Figure 3A) , well before the detection of caspase-3 activity ( Figure 2B ). At this early stage of anoikis induction (2-day), cells were still viable (as assessed by Trypan Blue exclusion test, results not shown) and can be rescued by re-plating them with standard serum-fed RPMI medium (results not shown). The early burst of poly(ADP-ribosyl)ation of nuclear proteins at day 2 of KSFM incubation was then followed by a marked decline in poly(ADP-ribosyl)ation at day 8 of treatment, when chromatin condensation and formation of apoptotic bodies were already massive ( Figures 1F and 1L) . Thus PARP activation and decreased PAR at 8 days of culture in KSFM demonstrated that apoptosis effectors activation was a rather late event, elicited when changes in clusterin proteomic profile were already maximal. In fact, changes in clusterin proteomic profile and accumulation of the 45 kDa intracellular clusterin isoform preceeded high levels of cell-growth inhibition ( Figure 1A) , formation of apoptotic bodies ( Figures 1F and 1L ) and cell detachment, and were associated with PARP activation.
Interestingly, the accumulation of the 45 kDa isoform was concomitant to a decrease in the accumulation of clusterin mRNA ( Figure 3B ), strongly suggesting that this event might be produced mainly by post-translational events. At the same time, histone H3 mRNA level, which is a specific molecular marker of the S-phase of the cell cycle ( Figure 3B ), was clearly lower in KSFM-treated cells, consistently with cell growth inhibition conditions. GAPDH (an housekeeping gene) mRNA level is shown for comparison and shows no major changes. The initial decrease in clusterin mRNA at day 2, accompanied by a strong decrease in histone H3 mRNA up to the 8th day of culture, clearly shows that inhibition of clusterin gene transcription and post-translational conversion of the constitutively accumulated 65 kDa precursor into 45 kDa clusterin isoform are events closely associated with decreased cell proliferation under KSFM conditions. The 45 kDa clusterin isoform appears to be specifically produced by post-translational modification of the protein precursor that is constitutively expressed. The fact that 45 kDa clusterin isoform could be produced by caspases activity can be excluded. In fact, an analysis performed using the Peptidecutter software available at the ExPASy database (http://cn.expasy.org/tools/ peptidecutter/) showed that caspase-1, -2, -3, -4, -6, -7, -8, -9 and -10 do not cleave clusterin at any site.
FAK dephosphorylation and down-regulation of poly(ADP-ribosyl)ation are concomitant with cell detachment
To understand better the timing of the events leading to cell detachment and apoptosis, we studied several biochemical parameters from day 2 to 8 of culturing in two different cell populations recovered separately: (i) the adhering cells which survived exposure to KSFM (Figure 4 , adhering cells), and (ii) the floating cells (responsive to KSFM treatment) which were detached from the plates. These cells were collected separately by gentle tapping of the plates and centrifugation (Figure 4, non-adhering cells) . FAK was fully phosphorylated in adhering PNT1A cells under RPMI growth conditions, while a slight decrease in FAK phosphorylation was detected upon KSFM incubation. FAK expression did not change significantly at any time. FAK phosphorylation and expression were instead strongly decreased in non-adhering cells. In fact, both FAK and p-FAK-Tyr 397 were clearly down-regulated in non-adhering cells, starting at day 2 and up to day 8 of KSFM culturing, when these cells were finally and irreversibly committed to anoikis (Figure 4 , non-adhering cells). Commitment to apoptosis is demonstrated by progressive PARP activation and PAR decrease in this cell population. Under these experimental conditions, FAK was not cleaved as previously described in floating human neuro-epithelioma cells undergoing ceramide-induced detachment and apoptosis [45] . Dephosphorylation of FAK and loss of focal contacts in PNT1A non-adhering cells were associated with complete inhibition of poly(ADPribosyl)ation (Figure 4 , non-adhering cells), again indicating that, at days 6-8 of KSFM culturing, floating cells were already entering in the irreversible stage of apoptosis.
Taken together, the results presented in Figures 1, 2 and 4 show that KSFM exposure induces cell detachment before caspase cascade activation. This feature is typical of anoikis, in which adherent cells undergo apoptosis after disruption of epithelial cell-matrix interaction [27] . In anoikis-committed floating cells the accumulation of the 45 kDa isoform of clusterin was dramatic, showing that segregation of this clusterin isoform, starting on the second day of KSFM culturing, efficiently continued in detached cells and apoptotic bodies, increasing dramatically up to day 8 of incubation ( Figure 4, non-adhering cells) . In the non-adhering cells, caspase-3 activation was associated with the cleavage of intermediate filament proteins, such as cytokeratins, as previously shown to occur for keratin-18 and -19 during apoptosis [46] , but this did not cause degradation of the 45 kDa clusterin, which seemed to be rather stable, even when segregated in apoptotic bodies. As a matter of fact, this was predicted by the Peptidecutter software (http://cn.expasy.org/tools/peptidecutter/), because 45 kDa clusterin is not a substrate of known caspases.
Early nuclear translocation of the 45 kDa clusterin isoform inhibits cell cycle progression and primes cells for anoikis
Recent studies have described alterations in the biogenesis and intracellular trafficking of clusterin in MCF-7 cells undergoing apoptosis induced by anti-oestrogens and tumour necrosis factor α [47] . O'Sullivan et al. [47] showed the appearance of a 50-53 kDa uncleaved, non-glycosylated, disulphide-linked isoform of clusterin that accumulated in the nucleus of dying cells. Consistent with the results of O'Sullivan et al. [47] , in PNT1A cells anoikis induction was preceded by early translocation of the 45 kDa clusterin isoform to the nucleus ( Figure 5A , KSFM, nuclear extracts). In fact, nuclear translocation of the 45 kDa clusterin isoform was already detectable 2 days after serum-free growth well before commitment to anoikis and massive DNA fragmentation ( Figures 1E and 1I) , as assessed by FACS (Figure 5B, panel 3) . Clusterin (45 kDa) progressively accumulated in the nuclei up to day 8, in strict association with the disappearance of the 45 kDa cytoplasm form of clusterin and precursor ( Figure 5A , KSFM and RPMI respectively, cytoplasm extracts). Noticeably, nuclear clusterin was undetectable in control cells at any time. At day 2 of KSFM culturing, cell cycle progression was already affected, particularly in G 2 /M phases ( Figure 5B , panel 3; ᭜᭜ P < 0.01) as compared with controls ( Figure 5B, panel 1) . Under this condition, cells were primed for anoikis, but still not committed to die, since they can be rescued by switching them to standard growth conditions (RPMI + FBS; results not shown).
Clusterin translocation and accumulation into the nucleus appeared to be specifically associated with cell cycle arrest, similarly to what we have previously found by transient over-expression of clusterin in the same cells [21] . In absence of rescuing factors, long-time exposure to this condition and, particularly, long-term cell cycle arrest, would then irreversibly commit cells to death. In fact, at the late stage (day 8) of culturing in KSFM, accumulation of the 45 kDa clusterin isoform into the nucleus caused a massive accumulation of subdiploid cells ( Figure 5B , panel 4, subdiploid peak, arrow; * * P < 0.01) and strong perturbation of cell cycle progression. Separate collection of adhering and non-adhering cells followed by FACS analysis showed a specific detachment of cells arrested at the G 0 /G 1 -S transition ( Figure 5B, panel 6 , non-adhering cells; ## P < 0.01). At the same time, surviving cells did not show major changes in cell cycle progression ( Figure 5B , panel 5, adhering cells) as compared with 8-day culturing under serum-fed conditions ( Figure 5B, panel 2) , suggesting that is unlikely that clusterin might act as a survival gene, at least in this experimental model.
To confirm nuclear translocation of clusterin, we also performed an immunocytochemistry analysis of PNT1A cells for detection of intracellular trafficking of this protein under standard (RPMI) and serum-free (KSFM) cell growth conditions. As shown in Figure 6 , under RPMI-growth conditions clusterin was constantly localized to the cytoplasm ( Figures 6A and 6B) , but, as early as at day 2, translocation of clusterin to the nucleus was detected under KSFM-growth conditions ( Figure 6C ), just before the detection of major morphological changes in the cells (see Figures 1E and  1I ) and the commitment to anoikis-death (see Figure 5B, panel 3) . Later, at day 8 of KSFM culturing, nuclear clusterin localization was massive ( Figure 6D ) and the protein also accumulated into floating apoptotic bodies (results not shown).
To check whether nuclear localization of clusterin was only specifically caused by KSFM treatment of PNT1A cells, or else a common feature of other models of apoptosis, we also treated PNT1A cells with topoisomerase II inhibitor etoposide. Etoposide is a well-known chemotherapeutic drug capable of inducing apoptosis by enhancing enzyme-mediated DNA breaking in several cell lines [48] . As a matter of fact, the ability of etoposide to induce cell cycle arrest followed by apoptosis is well known in many biological models, including prostate cells [49] . Thus PNT1A cells treated with etoposide were subjected to immunocytochemistry and FACS analysis. As expected, 24 h of 50 µM etoposide treatment were sufficient to induce a massive accumulation of subdiploid cells ( Figure 6G , panel 2, subdiploid peak, arrow; * * P < 0.01 versus 24 h RPMI, panel 1) and a strong perturbation of cell cycle progression. Under these conditions, nuclear translocation of clusterin ( Figure 6E ) was observed in strict association with a significant increase in caspase-3 activity ( Figure 6F ; * * P < 0.01). Thus clusterin translocation and accumulation into the nucleus is a common event associated with cell death induction, and appeared to be in strict relation to early cell cycle arrest at the G 0 /G 1 -S-phase checkpoint. This result is consistent with our previous findings obtained when clusterin was transiently overexpressed in the same cells [21] , leading to the possible conclusion that nuclear clusterin might have anti-proliferative properties.
DISCUSSION
Tight control of cell proliferation is needed to ensure normal tissue steady-state growth and prevent cancer onset. Normal cells require adhesion to extracellular matrix for survival, and inadequate or inappropriate cell-matrix interaction can be responsible for celldetachment-induced apoptosis, also known as anoikis [28] . In fact, changes in cell shape and cytoskeleton might be considered a potential cause of anoikis [32] . This peculiar cell death mechanism is critical for maintaining homoeostasis and architecture of different organs and tissues, and epithelia in particular. Moreover, adhesion to the substrate affects cell growth, and the loss of anchorage-dependent growth is a hallmark of cell transformation [32] . In fact, tumour cell survival and spreading to inappropriate environments can promote metastasis formation [28] . Clusterin was previously found as one of the few genes specifically downregulated by anchorage [35] . This gene has been suggested to produce several isoforms of clusterin protein, probably from a single mRNA, because of alternative post-translational modification [11, 13, 14] . These alternative isoforms could be involved either in the processes of cell death [10] or cell survival [9, 23, 50] . We report here a tight link between the induction of a 45 kDa nuclear clusterin isoform and anoikis induction in PNT1A cells grown under serum-free conditions.
For the first time to our knowledge, we have demonstrated that the native clusterin proteomic expression profile can change, at least in PNT1A cells, as a consequence of cell growth condition (Figure 3) . The conversion of the constitutively expressed protein precursor to smaller products is an event that is strictly associated with suppression of cell proliferation ( Figures 1A and 1B) and apoptosis induction ( Figures 1O, 2 and 4) . In particular, the formation and translocation of an alternative clusterin isoform into the nucleus ( Figures 5A and 6A-6D ) was an early specific response that preceeded the morphological hallmarks of apoptosis ( Figures 1F and 1L, arrows) , leading to cell cycle arrest at the (A and B) . Under KSFM conditions, clusterin was already detected into the nuclei of adhering cells (C) at day 2 of culturing, whereas later clusterin nuclear localization was massive (D) and its accumulation was also detectable in floating apoptotic bodies (results not shown). Magnification, × 20. (E) PNT1A cells were given 50 µM etoposide for 24 h in RPMI medium, then fixed and used for immunocytochemistry analysis as described in the Experimental section. Note that nuclear translocation of clusterin was already detected 24 h after etoposide administration. G 0 /G 1 -S boundary ( Figure 5B), and thus priming cells to anoikis (Figures 2 and 4) . Nuclear targeting of this specific 45 kDa isoform of clusterin, that is likely due to post-translational modification, since clusterin mRNA accumulation decreased under the same experimental conditions (Figure 3B ), appears to be an early molecular signal activated by environmental/hormonal stress, being already detectable at day 2 of serum-free culturing ( Figures 5A  and 6A-6D ). We suggest here that this event would be responsible for causing the slowing down of cell cycle progression, extending the time interval between G 1 and G 2 /M phases, finally arresting cells in the G 1 and S-phase ( Figure 5B, panel 5 ). This would lead to selective detachment of cells which are blocked at the G 1 /S transition ( Figure 5B , compare panels 5 and 6; ## P < 0.01). The loss of anchorage-dependent growth would prime, but not commit, cells to anoikis death ( Figure 5B , panel 6; ## P < 0.01). In fact, early (within 24 h following KSFM exposure) FBS supplementation to KSFM was effective at rescuing early-detached PNT1A cells ( Figures 1M and 1N , and results not shown). This is consistent with the fact that it has been shown that cell detachment, caused by suppression of integrins activity or disruption of the integrin/extracellular matrix survival signals and growth factor receptors network [27, 51] , are events being well upstream of activation of apoptosis effectors genes, such as caspases [51] . On the other hand, long-time exposure to the same conditions, in absence of rescuing factors, would commit cells to definitive apoptotic death, probably because of long-term extension of cell cycle arrest at the G 1 /S transition checkpoint. We also reported here that early clusterin localization to the nucleus, in immortalized human prostate epithelial cells, may be a common event following other apoptosis stimuli, such as etoposide administration, suggesting that early clusterin nuclear targeting (Figure 6E) is a key event in strict association with induction of apoptosis ( Figure 6G , panel 2) and increase in caspase-3 activity ( Figure 6F ).
The 45 kDa clusterin isoform appears to be retained in the cell ( Figure 3A , total cell extracts) and not secreted ( Figure 3A , cell culture medium), accumulating in floating cells and apoptotic bodies (Figure 4 ). These experimental results are consistent with the recent finding that clusterin expression was shown to be repressed by anchorage using DNA microarray analysis [35] . The fact that, upon serum starvation, clusterin accumulation was high only in non-adhering cells was demonstrated by concomitant dephosphorylation of FAK in these cells (Figure 4 ). Concomitantly to clusterin accumulation, PARP activation was also high in nonadhering cells at late (8 day) anoikis induction, in association with complete inhibition of poly(ADP-ribosyl)ation (Figure 4 ). In fact, at this late stage of anoikis, the stable PAR moieties bound to nuclear proteins were degraded by cleavage, showing that cell death has already entered an irreversible stage along the apoptotic pathway. During apoptosis, it is well known that the activity of caspases is responsible for the inactivation of the poly(ADPribosyl)ation process [44] . Consistently, under these conditions, cells showed apoptosis-associated proteolysis of cytokeratins (Figure 4 , non-adhering cells). Cytokeratins are known to be degraded during late stages of apoptosis [46] .
The novelty of our study is that it is first experimental observation that suppression of cell growth, decreased DNA synthesis and cell cycle arrest at the G 0 /G 1 -S boundary were closely associated with early progressive translocation to the nucleus of a native 45 kDa alternative isoform of clusterin, also confirming our previous study [21] and observations by others [12, 52, 53] . It must be stressed that the results presented here, to our knowledge, are the first experimental evidences that nuclear clusterin can be detected in prostate epithelial cells as a native protein under a pro-apoptotic stimulus and not as a GFP (green fluorescent protein)-fusion product following over-expression in a MCF-7 cell transfection system [12] . In any case, both results are consistent with the hypothesis that clusterin has an important role in the regulation of cell proliferation. These results agree well with our previous findings that clusterin is down-regulated during prostate cancer onset and progression [17, 54] . This observation was recently fully confirmed by the pattern of expression of clusterin determined in 62 primary prostate tumours compared with 41 normal prostate specimens and 9 lymph node metastases [55] (please search for 'clusterin' in the online database at http://microarray-pubs.stanford.edu/cgi-bin/gx?n=prostate1& rx=5), leading to the conclusion that a clusterin isoform, acting as putative anti-proliferative and potentially pro-apoptotic intracellular signal, could play a peculiar role in preventing pathological proliferation of prostate epithelial cells and cancer growth, and suggesting that clusterin could be a new tumour-suppressor gene in the prostate [21] . At least in the PNT1A cells model, clusterin nuclear translocation would cause cell cycle arrest primarily, priming prostate epithelial cells to slow-death (i.e. anoikis) and caspase-3 activation. The fact that caspase-3 independent cell death was suggested in other experimental systems [12, 56] seems not in contradiction with our findings, since inhibition of cell proliferation caused by nuclear clusterin accumulation might very likely activate (although indirectly) different apoptotic pathways according to the cell metabolic contest.
Our results also suggest a possible explanation for apparently conflicting results reported in the scientific literature. In fact, we hypothesize that changes in the steady-state balance between different isoforms of clusterin could differently affect cell growth, possibly priming cells to death or allowing cell survival instead. This would account for the many reports suggesting totally different functions played by this protein in different biological systems. In this view, alternative isoforms of clusterin could participate in processes that may have opposite effects on the cell. In addition, cells might tolerate clusterin over-expression (eventually induced by pro-apoptotic signals) if rescuing factors can balance clusterin action or if such cells have acquired a phenotype that is resistant to apoptotic cell death. It must be also considered that viable cells over-expressing clusterin can be transiently detected for a short time, at least in our experimental system, since clusterin seems to prime cells to a slow-acting death program, but they would eventually die later on if not rescued. Finally, the lack of clusterin accumulation in adhering cells surviving for 8 days to KSFM growth conditions do not support the hypothesis that clusterin might confer survival advantages, thus being an antiapoptotic gene.
The development of new antibodies capable of specifically detecting different clusterin isoforms, possibly produced under standard growth conditions or following apoptotic stimuli, could enable us to isolate and study the structurally distinct clusterin protein family members that appear to be produced from the precursor, challenging the hypothesis that different forms of this protein could play distinct functions in normal and pathological prostate. This work is currently in progress in our laboratory. The detection of specific human clusterin isoforms linked to cell death could become a new molecular tool for the characterization of prostate cancer progression.
